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i%stract - A preliminary investigation in to  the e f fec ts  of space indigenous 

radiation on a number of semiconductor devices is  described. A Co source 60 

was used t o  i r rad ia te  the devices to  an ionization l eve l  equivalent t o  t ha t  

received by a s a t e l l i t e  i n  a t y p i c a l  o rb i t  i n  a six-month period. 

Transistor Im and diode IR were monitored thruughout the i r radiat ion and 

pre- tes t  and Bost-test t rans is tor  gain measurements were made. 

r e s u l t s  of the i r radiat ion t e s t  are presented i n  graphical and tabular forn. 

I n  general, t rans is tor  and diode reverse current increased and t rans is tor  

gain decreased during irradiation. Some recovery was evidenced following 

storage and temperature annealing cycles. 

The 
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Introduction 

The damage induced i n  semiconductor devices subjected t o  a 

radiation environment, such as that encountered by a s a t e l l i t e ,  is of 

suff ic ient  m i t u d e  tha t  degradation of the e l ec t r i ca l  character ls t lcs  

of these devices must be considered i n  the design of any s a t e l l i t e .  The 

e f fec ts  of radiation on semiconductors are  c lass i f ied  as surface or  bulk 

effects ,  depending upon the damage mechanism involved. Bulk ef fec ts  

a r i s e  from the production of electron-hole pa i r s  i n  the semiconductor 

c rys ta l  by ionizing radiation, and frm the production of defects i n  the 

crystal. l a t t i c e  by high energy particles.  

not c lear ly  understood, it i s  theorized tha t  they a r i se  from the ioniza- 

Although surface e f fec ts  are 

t i o n  of the encapsulating gas and the interaction of t h i s  ionized gas 

with the surface of the semiconductor material. Surface e f fec ts  are the 

predominant damage mechanism at lower radiation exposures and hence are 

the effects  of par t icular  interest .  Neither the exposure ra te  nor the 

type of radiation appears t o  be significant,  but ra ther  the total amount 

of ionization produced has been found t o  be the controlling factor.  "his 

conclusion permits the use of g- radiation t o  simulate the surface 

e f f ec t s  which would be produced by the radiation received i n  space, althowh 

space radiation consists predominantly of protons and electrons (1) (2) .  

The objective of t h i s  test  w a s  t o  determine the relzL?.ve sensi-  

t i v i t i e s  of par t icular  semi-conductor devices t o  ioiiiziiig radi,;tiori ~ y d  

t he  magnitude of the radiation effects  problem exis t inz i n  the :rimbus 

environment. It has been determined by pr ior  experimentation tinat the 
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parameter par t icular ly  sensit ive t o  surface e f fec ts  i n  the majority of 

device types i s  the collector t o  base leakage current (Imo) fo r  t ran-  

s i s to r s  and reverse leakage current (5) , fo r  diodes. Hence, these para- 

meters were monitored during the i r radiat ion t o  determine the sens i t i v i ty  

of the devices. The radiation-induced surface e f fec ts  on t rans is tor  gain 

were determined, sepaxating the surface e f fec ts  from the bulk e f fec ts .  

The degree of surface damage is dependent upon the collector bias and the 

e l ec t r i c  potent ia l  existing i n  the t rans is tor  can, the e f fec ts  of which 

are not fully understood. I n  addition, the radiation-induced surface 

e f fec ts  exhibit  recovery and memory phenomena. 

removal of bias, radiation, o r  both, although the respective r a t e s  are 

Recovery i s  evidenced on 

different .  

tend t o  reach i ts  previously damaged s t a t e  at  a considerably lower radia- 

t i o n  exposure. 

Imo character is t ics  cmpletely restored by annealing a t  elevated tempera- 

tures.  

Nemory i s  experienced on re-irradiation; t ha t  is, a device w i l l  

However, memory phenomenon can be erased and the i n i t i a l  

Irradiation Experiment 
60 A Co gamma radiation source w a s  u t i l i zed  t o  perform the i r radi2-  

t i on  tests. 

producing 8 maximum dose r a t e  of lo5 Roentgens per hour a t  th? r,a.iple loca- 

t ion .  

The ac t iv i ty  of the source w a s  approxFmately six thousand c u r i s  

The ambient temperature varied between 25C and 3lC ikxrin; t h e  t e s t .  

!The devices tested consisted of smples  of each availciole type 0: 

t rans is tor  and diode l i s t e d  on the approvcd Nimbus pasts l i s t  mci c o n s i d ~ ~ i - ~ d  

t o  present a potent ia l  surrace effects  problem. Table 1 l i s t s  ;hc devices 
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tested,  noting such pertinent information as: type, class,  structure,  

material, and number tested.  

t ion",  notes which lead (emitter, base, or collector) i s  i n  electrical .  

In  addition, the column t i t l e d  "Case Connec- 

contact v i t h  the case, as t h i s  a f fec ts  the e l ec t r i c  f ie ld  inside the tyan- 

s i s t o r  can and hence influences the magnitude of the surface effect .  

The intense radiation close t o  the Cobalt source precludes 

rmxurement of I 

formed remotely. 

developed across a res i s tor  inserted i n  ser ies  with the appropriate 

junction. 

i n  a normal manner; therefore, all moni tor ix  w a s  per- CBO 

ICBOand 5 were measured by monitoring the voltage 

Schematics of the test c i r cu i t s  are presented i n  Figure 1. The 

schematics do not show all the ccmponents tested; one of each type i s  

depicted and is  representative of a31 uni t s  of i t s  type. The collector- 

base junction of each t rans is tor  is reverse biased a t  ten  vol ts .  A 10-volt 

bias was  selected as it appears t o  be the b ias  potential. at which surface 

e f fec ts  are generally more pronounced. 

biased at  the same potential .  

The signal diodes were reverse 

The c i r cu i t  used t o  t e s t  the Zener diodes appears i n  Figure 1. 

-4 load res i s tor  i s  required t o  oper9te the Zener diode at  i t s  rated cu r ren t ,  

and the Zener voltage i s  monitored through a voltage divider. fil compon- 

en ts  were mounted on phenolic boards and encapsulated i n  Dow S i l s a r d  ,;'152 

t o  eliminate the effects  of air ionization. The voltage drops across the 

monitoring res i s tors  were measured by a d ig i t a l  voltmeter, cznd tne values 

were automatically recorded by an electronic pr inter .  I n  addition t o  the 

tests mentioned above, the collector character is t ic  curves of f ive  selected 

- 4 -  



t rans is tor  types were monitored during i r radiat ion.  

junctions of these t rans is tors  were reverse bi,tsed at nine volts,  except 

The collector-base 

for  br ief  periods during which t h e  collector character is t ics  were monitored. 

Pre-test  measurements were made on all components pr ior  * o  i r r ad i -  

ation. The components were then mounted and connected t o  the measuring 

equipment through 40 feet of shielded cable. Measurements were made a t  

different exposures, a synopsis of which appears i n  Figure 2. I n i t i a l l y ,  

the i r radiat ion source was  removed during the measurement period t o  eliminate 

spurious ionization currents. , However, a f te r  several  measurement periods, 

the spurious currents were determined t o  be l e s s  than the sens i t iv i ty  of the 

current measuring c i r cu i t  (10'' amps) and measurements were then recorded 

with the devices i n  the gama s m c e  environment. 

i r radiated t o  a t o t a l  exposure of approximately 10 Roentgens. 

A l l  components were 

7 The bias 

supply voltages were monitored throughout the tes t  and these voltages 

Temained within 2 percent of the i r  nominal values. 

including collector characterist ics and IcBo values, were made four weeks 

a f t e r  i r radiat ion.  

two hours, and the post-test  measurements were repeated t o  determine the 

annealing chaxacterist ics and t o  estimate the amount of darnqc contribu- 

table t o  bulk effects.  Throughout t h i s  report  the four-week ' G i x  period 

mentioned above win be referred t o  as post or storage, and the heat 

treatment will be referred t o  as annealing. 

Post-test  measurements, 

All the t ransis tors  were subsequently heated at 95C for  
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Results and Discussion 

The radiation induced damage t o  the devices resul t ing from 

the gamma irradiat ion is  depicted in Figures 3 through 22. 

from the induced damage is shown i n  Tables 2 and 3 .  The average values 

shown i n  Figures 3 through 16 are presented i n  l i e u  of 'a be t t e r  method, 

and use of these averages should be limited accordingly. The r a t io s  of 

The recovery 

average values summarized i n  Tables 2 and 3 are  calculated by deleting 

any values not i n  agreement with the bulk of the data recorded for these 

devices. 

for  convenience but could be u t i l i zed  fo r  device selection, taking in to  

account the extreme range of values f o r  a given device type. 

These "weighted" averages and average values are used solely 

The r e su l t s  of the i r radiat ion t e s t  revealed specific informa- 

t ion  which may not be readily evident from the graphs and tables presented. 

The following discussion w i l l  attempt t o  enlighten these resu l t s .  

Diode Test Results 

Two types of signal diodes and two types of Zener diodes were 

The Zener diodes (types U758A and lN821) exhibited no change i n  tes ted.  

reference voltage (measured a t  rated current) a t  an exposure of 10 

Roentgens. 

unaffected by a radiation exposure of lo7 Roentgens (Figure 3). 

post- tes t  reverse breakdown characterist ics am' presented i n  7iowe 17a 

and b, respectively. 

type MQ-1 diodes were tested.  

and the r e su l t s  are  presented as i f  eight single units were t?s,ed. 

reverse leakage current of the MC-1 diodes increased by one t o  ::TO orders 

of magnitude during an exposure of lo7 Roentgens (Figure 4). 

7 

The reverse leakage current of the type 1Ng14 diodes remained 

Pre- and 

No change i n  breaiiilmn voltage i s  appasen~.. Two 

Each uni t  contains four individad- diodes 

The 

_ _  AAowever, 

I - 6 -  



the leakage current recovered t o  approximately i t s  pre- tes t  value during 

a four-week storage period (Table 2) .  Typical pre- and post- tes t  reverse 

breakdown character is t ics  are presented i n  Figure l7c and d, respectively. 

Three of the eight units tes ted exhibited a change i n  breakdown character- 

i s t i c s .  

exhibited t h i s  breakdown phenomenon are  presented i n  Figure l7e and f ,  

The pre- and post- tes t  character is t ics  of one 'device which 

respectively.  The change i n  breakdown character is t ics  i s  indicated by the 

double break i n  the knee of the curve i n  Figure l7f,  and can be associated 

with microplasma phenomenon, indicating that the radiat ion damage may be 

manifested as inhomogeneities a t  the junction depletion region. 

Transistor Test Results 

To f a c i l i t a t e  discussion, the r e su l t s  of the t rans is tors  tes ted 

are  grouped by material  and structure.  

Germanium Transistors (Types 2N396A and 2N1358A) -- Both units 

t e s t ed  are p-n-p, a l loy s t ructure  devices and both exhibited a twofold 

increase i n  Im after an exposure of 10 Roentgens (r) (Figures 5 and 12). 

This increase i n  IcBo persis ted during storage and was removed by anneal- 

7 

ing (Table 3 ) .  

l e s s  well behaved. 

e f f e c t  on gain character is t ics ,  as the degradation observed w a s  no s e a t e r  

than  the predicted bulk damage. The type 2J396A t rans is tors  reqonded i n  

the  opposite manner; that  is, t'ne gain d c ~ ~ s d ~ ~ a t i o n  iras SreaLei. t::an i s  

explainable by bulk damage alone. 

j ec ted  t o  an annealing cycle, no gain recovery was evidenced. 

The radiation-induced changes i n  gain character is t ics  are 

The type 2N1358A t rans is tors  shoved no apparent surfac.-. 

I n  addition, when these unizr. 'rere sub- 

3 1 p r e  le 
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presents the variation i n  gain as a function of radiat ion for the  type 

2N396A t rans is tor .  

necessarily representative of the group tes ted.  

gain can be explained by noting t h e  increase i n  ICEO. 

This graph represents a sample s ize  of one and i s  not 

The apparent increase i n  

Sil icon Transistor Alloy Junction (Type 2~1@6) - - The tes t  

r e su l t s  on t h i s  type of t rans is tor  are somewhat contradictory i n  t h a t  some 

of the un i t s  possessed inproved chmacter is t ics  a f t e r  i r radiat ion.  

improved character is t ics  are brought about by a complex surface in t e r -  

action produced by radiation-induced ionization. I n  sp i te  of the confusinz 

nature of t he  recovery and annealing data,  i t  is important t o  note tha t  t h e  

lCBO 
ing i r rad ia t ion  (Figure 14). The variations i n  the current gains, however, 

are wellbehaved. The gains decreased during the tes t  and recovered durin; 

storage and annealing t o  a f i n a l  degaded value consistent with bulk d m z e  

estbnates (Table 3) .  

The 

of t h i s  type of t rans is tor  increased by four orders of magnitude dur- 

Sil icon Transistor Diffused Junction (Type 2N1248) - - Tine 

observed degradation of current gain and lea&age current character js t ics  

of the  type 2N31248 t rans is tor  i s  typ ica l  of radiation-induced surface 

e f fec ts .  Imo increases three orders of magnitude durinz i r rad ia t ion  

(Fi,.;ure 11) and subsequently decreases during storage and .=rmealinz t o  a 

value consistent with t'nc bulk darnwe predictions (Table 3 ) .  

gain data is  i n  agreement as, durinz i r rnGia t ion ,  these pzrw,?-~ers have 

degraded and some recovery i s  evidenced following an anneali.., cycle. 

'?he current 
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Silicon Transistor Mesa (Type 2Nll32) - - "he test results from 
these units are contradictory enough to demand further investigation. 

large increases in I 

between the characteristics after annealing and the predicted bulk damage 

precludes any general comment on this device. 

irradiation of a single unit is depicted graphically in Figure 19. 

"he 

(Figure 10) should be noted, but the discrepancy CEO 

The gain degradation during 

Silicon Transistors Planar (Types 2~657, 2~697, 2N708, 2N930, 

2N1613, 2~2060 and 2~2604) Figures 6 to 9, 13, 15, 16, respectively - - With 
the exception of a few individual devices and the types 2u08 and 2~2604, 

the observed variations in ICBO are similar. 

increases from two to four orders of magnitude, with the Icm of the major- 

ity of devices increasing three orders of magnitude. During storage the 

respective IcBo recovers to within an order of magnitude of its original 

value. A subsequent annealing cycle produces a further recovery, which, 

considering bulk damage effects, essentially returns ICBO to its initial 

value (Table 3 ) .  

ent characteristics are basically different devices. Thestype 2~708 tran- 

sistor is a silicon, n-p-n device similar to the others in this group with 

the exception that this device has a much higher alpha cut-off frequency 

(fccb) . 
ii;ay be e.xplsina.ble by considering the doping profile ana the thicker 

passivation layer at the base-collector region of the device, thus provid- 

ing more resistance to channel formation. 

a p-n-p device, and FLS might be expected, exhibits different channeling 

During irradiation, ICBO 

The two types of planar devices which exhibited differ- 

These units did not exhibit the u s u a l  ICBO increase. This result 

The type 2~2604 transistor is 
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characterist ics.  

tudc durinz i r radiat ion,  and subsequent storing and annealing did not 

improve t h i s  character is t ic  appreciably. 

i s t i c s  of a l l  the planar units tested were similar. 

decrcased t o  a value lower than that  predicted for buLk d m e .  

decrease i n  gain did not f u l l y  recover during storage or a n n e d i w .  

Znin degrada'Lion as a function of radiation exposure i s  depicted fo r  single 

units of types 21697 and 2~1613 i n  Figures 20 and 21, respectively. 

dcgradation and p a r t i a l  recovery of a type 2x708 t rans is tor  i s  depicted i n  

l i b w e  22. 

low base currents, imply tha t  base -to emitter surface channels were i'omed. 

The ICBO of these units increased three orders of m w i -  

The changes i n  gain character- 

However, the gain 

This large 

The 

The 

The gain degradations and par t icular ly  the non-l inea beta  at  

Conclusions 

"he radiation-induced surface e f fec ts  i n  t rans is tor  and diode 

structures axe extremely ccanplex phenomena. The purpose of this t e s t  \ a s  tc 

determine the magnitude of the radiation-induced surface efcects of a 

selected group of t rans is tors  and diodes i n  a specified environment. 

attempt was made t o  t e s t  a s t a t i s t i c a l l y  meaningful nwber of each ty-pe of 

No 

component, nor was  a selection procedure u t i l i zed  t o  assure thzt those 

devices tes ted  were not a biased sample. Al'GhouC.;h conclusions, i3 the s t r i c t  

definit ion,  cannot be drawn f r o n  the t e s t  i*esults, a nurabcr 0; ZJldclines 

or hypotheses can be noted. 

p a r w a p h s  f o r  devices irradiated to i u  

Tlicse ,dde l lnes  xre noted i n  tl;e :olloving 

-7 IioeiitgziG. 
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The surface effects  problem i n  diodes i s  l e s s  severe than i n  

other semiconductor devices due i n  part to the  absence of an e l ec t r i c  

f ie ld  such as that  produced between the metal can and the pe l le t  of a typi-  

c a l  t rans is tor .  

surface effects are not as complex as those existing i n  a two-junction 

device. 

rated current, and, when u t i l i zed  at  rated currents, surface effects  should 

represent no problem. 

currents, surface e f fec ts  may beaome signif icant .  

Also, since the diode has only one pln junction, the 

"he Zener diodes exhibited no change i n  breakdown voltage at  

However, i f  Zener devices are t o  be u t i l i zed  at  low 

The c i rcu i t ry  u t i l i zed  t o  t e s t  the t rans is tors  did not employ 

the t rans is tors  i n  the usual manner; the results,  therefore, are  not direc- 

t l y  re la ted t o  the changes that would occur i n  character is t ic  t ransis tor  

c i rcu i t ry .  However, the following statements regarding the t ransis tors  

tes ted  are  offered t o  assist the  designer i n  selecting the most res i s tan t  

components. The germanium units exhibited minimum changes i n  ICBO. Vhether 

t h i s  i s  at t r ibutable  t o  the f ac t  t ha t  the units a re  germanium or tha t  the 

radiation-induced changes a re  negligible, i n  comparison with the i n i t i a l  
I 

values, is not known. %BO 
gain degradation i s  allowable, these units should perform the desired 

function. 

each uni t  should be t reated individually. 

If the c i r cu i t  design i s  such tha t  a 50 percent 

The s i l icon  units present such a wide variety of results tha t  

The type 2~1676 units exhibited 
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* 

4 large I 

2N1248 units exhibited IcBo increases of two orders of magnitude and 

large gain degradations. 

fulness, exhibiting ICBO increases of greater than lo5 and gain degrada- 

increases ( 10 ) but re la t ively small gain degradations. The CBO 

The 2Nll32 uni ts  are degraded beyond normal use- 

t ions of greater than 70 percent. The low-frequency planar units were 

similar and exhibited IcBo increases of two t o  four orders of magnitude 

and gain degradations of 80 t o  95 percent. 

increase but gain degradations of 80 percent were observed. 

The 211708 exhibited no Im0 

The type 2~2604 

exhibited large I and gain changes. The type 2~2060 i s  a dual unit, and 
CBO 

it should be noted that the changes i n  parameters of the two adjacent uni ts  

i n  each can were approximately ident ical .  
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Illustrations and Captions 

Figure 1 -- Test Circuit Schematics 

Figure 

Figure 

2 -- Synopsis of Test Eqosures 

3 -- Radiation-Induced Damage (Diode Type lNgl4) 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 10 -- Radiation-Induced Damage (Transistor Type 2Nll32) 
Figure 11 -- Radiation-Induced Damage (Transistor Type 2N1248) 
Figure 12 -- Radiation-Induced Damage (Transistor Type 2N1358A) 
Bigure 13 -- Radiation-Induced Damage (Transistor Type 2N1613) 
Figure 14 -- Radiation-Induced Damage (Transistor Type 2N1676) 
Figure 15 -- Radiation-Induced Damage (Transistor Type 2~2060) 
Figure 16 -- Radiation-Induced Damage (Transistor Type 2112604) 
Figure 17 -- Reverse Characteristics of t'ne Ut914 and MQ-1 Diodes 

Figure 18 -- Radiation-Induced Gzin Degradation (Transistor Typc :;&A) 

Figure 19 -- Radiation-Induced Gain Degradation (Transistor Type Zill32) 

Figure 20 -- Radiation-Induced Gain Degradation (Transistor 'Type 21697) 

4 -- Radiation-Induced Damage (Diode Type MQ-1) 
5 -- Radiation-Induced Damage (Transistor Type 2N396A) 
6 -- Radiation-Induced Damage (Transistor Type 2N657) 

7 - -  Radiation-Induced Damage (Transistor Type 2x697) 
8 -- Radiation-Induced Damage (Transistor Type 2Ii708) 
9 -- Radiation-Induced Damage (Transistor Type 2N930) 

f 7  ? \  Figure 21 -- Radiation-Induced Gain Degradation (Transistor "ype 2"' li IU 13 ) 

Figure 22 -- Radiation Damage to Collector Chzracteristics (Trxsistor Ty?e 
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PRE-TEST P O S T - T Z X  
VERT IOpa /C:J VERT 1 0 8  L / C ! ~  
HORIZ EOV/CM HORlZ 26'V/ C :.I 

REVERSE CHARACTERISTICS OF A TYPE IN914 DIODE 

PRE - T E S T  
V E a T  IOpa/Chl 
HORIZ l O V / C M  

P os -4- - ..- L 5 T 
VERT :C;-c/C:.l 
H081Z I S V /  CiA 

REVERSE CHARACTERISTICS OF A TYPE M O - I  DIODE UNAFFECTED BY R A D I A T I O ~  

PR 5 -TEST 
VERT IOpa/C:.I 
HORIZ 20V/C:.l 

REVERSE CHARACTERISTICS (3s' A TYPZ :..G-l GiGDE EXHIBITING .';-3IATION DAMAGE 

Figure 17-- Reverse Characteristics of the IN914 and L Q - i  Diodes 
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